Carbon diffusion into silicon is well behaved and does not generate any nonequilibrium point defects. We show that, in contrast, the diffusion of carbon incorporated in silicon well above its solid solubility will cause an undersaturation of silicon self-interstitials, which in turn may cause retarded diffusion of boron. In addition, we predict that due to this undersaturation, the diffusion of built-in carbon spikes will lead to strongly non-Gaussian concentration profiles.
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Carbon ͑C͒ is present in silicon ͑Si͒ as a substitutionally dissolved isovalent impurity. From experiments, it is known that C can reduce an implantation-induced supersaturation of Si self-interstitials ͑I͒ and thus prevent the so-called transient enhanced diffusion of dopants such as boron ͑B͒.
1 It has been argued 1 that carbon complexes with I are the main cause of reduction of the I supersaturation. Quite recently, it has been shown that, in the absence of implantation induced I, the presence of C in Si even leads to a retardation of boron diffusion. 2 In the present letter, we will argue and demonstrate by appropriate computer simulation that out diffusion of highly supersaturated carbon leads to an undersaturation of I which in turn may cause retarded diffusion of B. This suggested effect does not involve any carbon complexes or clusters and is analogous to the established undersaturation of gallium interstitials in gallium arsenide ͑GaAs͒ induced by the out diffusion of zinc ͑Zn͒.
3
The solubility and diffusion behavior of C in Si is well understood. Carbon is mainly dissolved as substitutional carbon (C s ) in Si with a substitutional solubility C s eq which is known. 4, 5 Carbon diffuses via a substitutional-interstitial mechanism. 5, 6 Here we will assume more specifically that C diffuses via the kick-out mechanism
where C i denotes a highly mobile carbon interstitial. C s can be taken to be immobile. The whole diffusion is carried by C i with a diffusivity D C i which has been measured. 7 Indiffusion profiles of C s show error function form 4,5 and can be described with a constant diffusivity, given by
͑2͒
C i eq is the solubility of C i , which has been calculated 8 Eq .This constant diffusivity of C is in contrast to the situation for gold ͑Au͒ and platinum ͑Pt͒ in Si. 9 They also diffuse via the kick-out mechanism but show a typical concave profile associated with an in-diffusion induced supersaturation of I. The difference between C on one hand, and Au and Pt on the other hand, is that for Au and Pt the in-diffusion flux of interstitials (Au i or Pt i ) is higher than the self-diffusion flux, whereas for C the relation
holds. In consequence, for C in diffusion, the concentration of I is close to its thermal equilibrium value, c I eq .Therefore, generally it has implicitly been assumed that the diffusion of grown-in carbon ͑which we call C ''out diffusion'' for convenience͒ can also be described in terms of the same constant diffusivity and does not influence the self-interstitial concentration. In the following, we will show that the diffusion of grown-in C, present in high supersaturation, will lead to an undersaturation if I in the C-rich region. This undersaturation will reduce diffusion of dopant which diffuse via I, such as B. This effect is well known for the case of Zn or Be in GaAs which also show relatively fast in diffusion but a drastically reduced out diffusion, due to a depletion of gallium interstitials in the region of high Be or Zn concentrations. present in a 6-m-thick region of a box shaped profile, at 900°C for 30 min is shown. The carbon concentration of 1 ϫ10 20 cm Ϫ3 is the same as used in an experiment of Rückert et al. 2 which we will consider in detail later. We have used the standard partial differential equations for the concentrations of I, C i , and C s in terms of the kick-out mechanism. The simulation, performed with the ZOMBIE simulation package, 10 Ӷc C s eq which is fulfilled for reasonable values discussed in the literature. 8, 9, 11 The reaction constant for the kick-out reaction is assumed to be so fast that to a good approximation local equilibrium is established. If we consider the fluxes of the two mobile species, the balance equation
holds. Integration of Eq. ͑4͒ yields
Far from the carbon box boundary x C ͑Fig. 1͒, equilibrium values may be assumed. Therefore, we obtain
where c* denotes the values in the region of high C concentration. For a high undersaturation of I, we may neglect the values c C i eq and c I * .Then, in the carbon layer the value c C i * is
given by
This is different from the case of out diffusion of Au and Pt in Si or Zn and Be in GaAs. There, the diffusion coefficient D i of the interstitials is so high that c i ϭc i eq always holds. Based on local equilibrium conditions the undersaturation for a given c C s * is given by
We now consider the diffusion of dopants like B, which diffuse via a interstitial-substitutional mechanism. A reduced B diffusivity in the carbon layer according to
should be observed. The resulting undersaturation of I in the region of the carbon box should also make carbon precipitation more difficult since carbon precipitation also consumes I. 6 In particular, it should be mentioned that cluster reactions such as
have not been and do not need to be taken into account. These reactions lead to immobile clusters which are known to be electrically active. 12 It has therefore been argued 1 that the use of C to slow down B diffusion is not viable for actual device applications. Our model describes a possibility in which B diffusion in highly doped epitaxial base layers might be drastically reduced by the presence of a high C concentration without the generation of electrically active defects. This method is limited if a high external supersaturation of I is generated, e.g., by ion implantation. 1 As we will show in the following example, the presence of a surface can reduce the effect, too.
Based on the simulation shown in Fig. 1 , we would expect that a B spike at 900°C in the presence of 1ϫ10 20 cm Ϫ3 of C should show a diffusivity reduced by about a factor of 150 due to the corresponding carbon out-diffusion induced undersaturation of I. Rückert et al. 2 observed the influence of C on the B diffusion in molecular beam epitaxy ͑MBE͒-grown samples ͑Fig. 2͒. At 900°C, a decrease of the diffusion coefficient of B by a factor of 18 was measured, which is a much smaller reduction than we predict within our model. For the simulation above ͑Fig. 1͒, we have used a C layer deep in the Si bulk, whereas the B spike in the experiment was close to the surface. In order to simulate these conditions, we introduce a surface in a distance similar to the experimental one ͑Fig. 3͒. As boundary conditions, all concentrations are set to their equilibrium values. For the boron diffusion, we use the same parameter as in SUPREM-IV.GS. 13 Figure 3 shows that it is possible to fit our model to the experimental data. For the parameter set in this simulation, the minimum value of c I /c I eq is reached at a depth of 0.6 m. The maximum reduction of 150 cannot be achieved because the close-by surface reduces the undersaturation of I by efficiently supplying I. The reaction constant K C for the kick-out reaction ͓Eq. ͑1͔͒ has an influence on the slope of the c I /c I eq curve. In our case, we have used K C ϭ1.5ϫ10 8 cm 3 s Ϫ1 to fit the undersaturation to the experimentally observed diffusivity reduction by a factor of 18. We predict that a more severe retardation should occur for boron further away from the surface.
In Fig. 4 , a simulation of the diffusion of two grown-in C spikes is shown. A significant difference appears if we either just assume that C diffuses with the effective diffusion coefficient from in-diffusion data or if we take into account that C diffuses via the kick-out mechanism. Here we also do not reach the maximum possible reduction by a factor of 150 due to the close-by surface and the small width of the spikes. An interesting observation is the remarkable undersaturation of I between and outside of the C spikes. This is important technologically since it implies that a reduced I concentration and consequently a strongly retarded boron diffusion does not require the presence of a high C concentration in exactly the same region. This is in agreement with recent observations of retarded boron diffusion in regions adjacent to carbon doped spikes in Si-Ge heterojunction bipolar transistors. 14 The shape of the simulated C profile is very different from the expected Gaussian one based on a constant effective diffusivity. Our prediction of a more or less remaining boxlike concentration profile could easily be checked experimentally.
We have shown that the kick-out mechanism for C diffusion in Si leads to a nonequilibrium diffusion process if the C concentration is many orders above the solubility value as is typical for grown-in C in MBE-grown Si. In this case, a severe undersaturation of I may be generated. For a carbon concentration of 1ϫ10 20 cm
Ϫ3
, at 900°C, the I concentration may be reduced by a factor of 150. For comparison with experimental data, we must take into account the proper boundary conditions due to the presence of a close-by surface. We predict that C spikes in Si should show a strongly non-Gaussian diffusion behavior and essentially diffuse much slower than expected from the literature data on C diffusion in Si. FIG. 4 . Simulation of concentration profiles of two carbon spikes at 900°C for 10 min either based on the full kick-out mechanism involving a silicon self-interstitial undersaturation or based on the usual effective carbon diffusivity.
